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Summary.

~’he effect of early winter stratospheric minor warmings  on the development of the

polar vortex is discussed, for winters since the launch of the Upper Atmosphere Research

Satellite .(lJARS). The time evolution of the stratospheric circulation isexamine(i  using

potential vorticity  and UARS Microwave Limb Sounder measurements of ozone (03) and

water vapour  (H20), Minor warmings in November and December strongly influence the

development of the northern hemisphere (NH) polar vortex in the l~]i~l-str:itospllere,  while

in the southern hemisphere (SH) the polar vortex is already sufficiently strong by May

that their impact is small. in the N]-], strong minor warmings  in December are associated

with [’V and H20 gradients strengthening along the vol~ex  edge and weakening in n]id-

]atitudes. Synoptic maps of PV, 03 and H20 show irreversible mixing in mid-latitudes of

air drawn off the vortex and air drawn up from low latitudes, resulting in the changes in

tracer gradients described above. in the NH, strong minor warmings  in December 1991

and December 1992 mainly affected the middle and upper stratosphere; those in Decenl -

ber 1993 mainly affected the middle and lower stratosphere, and resulted in a l:irger

increase in temperatures in the lower stratosphere. Smaller minor warmings  also occur in

the N} 1, but have little effect oJ] the size and strength of the polar vortex; however, even

small increases in lower stratospheric temperature,~ are frequently enough to raise three

temperatures above the threshold for polar stratospheric cloud formation.

1. lntrocludion

Stratospheric warming.s  of varying intensity are common throughout the northern

hemisphere (NH) winter (e.g., Andrews et al. 1987). Stratospheric warmings  during win-

ter (i.e., excluding the springtime final warming) are arbitrarily classified as “major” if, at
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10 hPa, the zonal mean wind polewtu-d  of 60° latitude reverses sign, and the zonal  mean

temperature gradient from 60° to the pole reverses (e.g. Andrews  et al. 1987); all others

are considered “minor”, In early winter in the NH, the intensification of the polar vortex

is accompanied by a variety of minor warmings (Baldwin and l{olton 1988; O’Neill and

Pope 1990). Several studies (Labitzke  1977, Clough  et al. 1985, Juckes  and O’Neil]

] 988) described one type, known as Canadian warmings  (1.abitzke  1977).  Farrara et al.

( 1992) showed that minor warmings are also common  during early winter in the southern

hemisphere (SH), and that some of these strongly resemble the NH Canadian warmings

(these are referred to as South Pacific warm ings).

Canadian or South Pacific type warmings exhibit the following characteristics:

● The cyclonic  vollex remains strong, while being displaced from the pole;

wavenumber decomposition, this appears as a circulation dominated by a wave 1

pattern,

● The flow is affected mainly in the middle  and lower stratosphere, :ind the distur-

bance is nearly equivalent barotropic, i.e., it shows little or no longitu(iina]  phase tilt

with height.

● The disturbance moves slowly eastward.

Juckes and O’Neill  (1988) show evidence that Canadian warmings  may be a stratospheric

response to the es~~blishment  in the troposphere of the climatologicid  east Asian low.

Juckes and O’Neill (1988)  and Baldwin and Holton  (1988) suggest that Canadian warn]-

ings are involved in the formation of the main vollex/surf zone stru~turc (Mclntyre and

Palmer 1984), as changes in the distribution of potential vorticity  result from nonconser-

vative effects of radiation acting on a disturbed circulation, and from PV being drawn out

into long tongues during the warming that eventually become too narrow to be resolved.

in the following, we examine minor wtirmings in early winter since the launch of the

Upper Atmosphere

the vertical extent

Research Satellite (UARS) in September 1991. We are interested in

and structure of early winter warmings, and their effect on the
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development of the polar  vortex; a related question is the effect of these disturbances on

transport. We examine ozone (03) and water wipour  (} 120) data from the Microwave

1.imb Sounder (MLS) instrument on LJARS to investigate the effect of these warmings  on

their distribution and their relation to the polar  vortex.

,.

2. Data am] Analysis

The meteorological data (horizontal winds, geopotentia]  heights and temperatures)

are analyses from the United Kingdom Meteorological Office ([JKMO) assimilation sys-

tem (Swinbank  and O’Neil], 1994) that was developed for the UARS project. The

Rossby-Ertel  potential vorticity  (F’V) is calculated from these emp]oying  the algorithm

described by Manney  and Zurek (1993),

The MLS 03 data used here are from the 205 G}lz radiometer; the 1120 dat:t  i~rc

from the 183 GHz radiometer. The IJARS MI .S instrument is described by Rarath et al.

(1993). The MLS dakl have a horizontal resolution of approximate] y 400 km and a verti-

cal resolution of approxirilate]y  4 km. Some aspects of the 03 d:ita and retrievals are

described by Froidevaux  et al. (1994), and of the H20 data by Lahoz et al. (1994). Root-

mean-square (rms) precision of individual 03 measurements between 50 hPa anti 1 hPa

are =0.3 ppmv, with absolute accuracies of =5-- 1 ()% in the middle and upper stratosphere,

and 10--30°/0 in the lower stratosphere (Frwidevaux  e.t al. 1994, paper in preparation).

Single  profile precision and accuracy estimates for 1320 are 0.3 ppmv and 15YG at 4.6 hPa

(1.ahoz et al. 1994, paper in preparation). Between =20 hl’:i and 50 hPa, H20 data quality

is generally good only at lowand middle latitudes. At high latitudes in winter, the. 1120

data may have a substantial conlpo;~ent  from climatology at 50 hPa (1.ahoz et al. 1994,

paper in preparation). }120 data are shown only from approximately 20 hPa to approxi-

mately 1 hPa here. MLS data are gridde,d using Fourier transform techniques that sepa-

rate time and longitude variations (Elson and Froidevaux ] 993), Since MIS
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tcllll]crat~lres arecllrret~tly  available  c~l~lyf(Jr presstlres S22}~I'a,  UK MOtenlperaturesare

usedto  interpolategridded  M1.Sdata  toisentropic  sulfates.

Weextll~li[~e  tl~estl"at(Js]>  l~ericfi()w dlJril~g N[)venlber a[l(l IJcce~~)berl99l, 1992, and

1993 in the NIH, and during May and June 1992 and 1993 in the SH. Since the MIS

instrument switches approximately every 36 clays from observing 34(’S to 80°N to

observing, 80[)S to 34°N, we have available MIA observations in the hen~isphere of inter-

est during approximately the second half of each of the periods studied. h41 .S data for the

S11 in June 1992 are limited, due to a spacecraft anomaly (Reber 1993). The 183 GIlz.

raciiometer on the MLS failed in late April 1993, so no stratospheric 1120 data are avail-

ab]e after that time.

3. Overview of lbrly Winter Warmings

Figure 1 shows time series for each of the early winter periods of zona,1 mean winds

and te.mpera(ures,  and the, zonal  wavemumber  1 (wave 1 ) and zona] wavenumber  2 (wave

2) components of the geopotentia]  height field, at 1() hP:i  in the ll~i(l-stl”at[)sj~l~ere.  “[’he

wave 1 and wave 2 time series have phase (longitude of one maximum) at 60° latitude

superimposed. The build-up of the polar vm~ex is evident in the overall strengthening of

the westerlies and decrease in temperatures throughout the time period (the exception is

at the end of December 1993, when a major stratospheric warming is beginning, halting

the strengthening of the polar vortex). The build up of the vortex is by no means mono-

tonic, particularly in the Nl+. As is well known (e.g., Andrews 1989, Manney and 7.urek

1993), the polar vortex develops much more quickly and monotonically in the S11 than in

the NH. The approximate times of the more noticeable early winter minor warmings are

indicated on the plots of zonal mean wind. We see events having a wide variety of impact

on the zcmal mean winds and temperatures, and much interannua]  variability in both

hemispheres, Strong minor warmings  occur in December for each of the three N] I
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winters shown. in the SH, them arc more f’requent warmings  in 1992 thfin in 1993,

although their net effect on the build-up of the strong S1 1 polar vortex is small in each

year, as evidenced by the very strong westerlies and cold temperatures that have devel-

oped by the end of June.

I’he time series of wave 1 and wave 2 show that the disturbances to the flow at-e usu-

iilly dominated by the wave I component, i.e., the cyclonic  vortex is shifted off the pole.

]n the NH, this shift represents the build up of the Aleutian anticyclone  centered  at

= 180°, as described by Juckes  and O’Neill (1988). in the S1{, the polar vortex generally

shifts towards South America, so an anticyclone  develops over the South Pacific, as noteci

by IW-ara et al (1992), There is, however, considerably more variability in vortex posi-

tion in the SH etirly winter than in the N}], and the SH anticyclone  is a transient feature.

Although this shift off the pole is the most obvious feature, there is frequently a consider-

able, amplification of wave 2 associated with these warmings,  representi]lg  an elongiition

of the polar voltex,  particularly in the NH (e.g., late November 1992 an(i late November

1993), The phase shown in these plots suggests a slow eastward rotation associate(i witil

some, but not all, of the early winter warmings,  with more eastwar(i motion apparent in

tile SH, The wavenumber decomposition also reflects the large ciegree  of interannual

variability

somewhat

ters (e.g.,

of these events in both hemispheres. The maximum wave amplitudes reacil

ilighcr values during the strongest events in the NH. There are, however, win-

compare 1992 in the NH with the two S}1 winters shown) where the wave

amplitudes in the SH are as large or larger timn those in the N}]. As is apparent in tim

z.ona] mean winds, and as noted by Manney an(i Zw-ek (1993), by the beginning of May,

tile SH polar vortex has already strengtheneci  mucil furlher than tile NH vortex at the

beginning of November. Thus, against the background of [i stronger polar vortex, tile dis-

tiwbances have less impact, The zonal Ille;]I1/wave~lt]Il~ber  decomposition is also less rep-

resentative of the processes occurring in tile NII since the flow is more distorted ti~ere

(e.g., Juckes and O’Neil] 1988).
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Figure 2 shows the vellical  structure of the warmings  as a function of time. The

n~aximum amplitude of thegeopotential  heightfield

altitude (i. e., mm[lZ  — 21]), is plotted as a function

near the latitude where wave amplitudes are largest.

with the mm] mean removed at each

of pressure and time at 64C) latitude,

Wave amplitudes are often strongest

in the upper stratosphere at or above 1 hPa, i.e., during November 1991, 1992 and 1993,

December 1991 and 1992, and May 1992. A few of these events that are strongest in the

upper  stratosphere show significant amplitudes extending into the lower stratosphere,

those with peak amplitudes oJ] about 20 Nov 1991, 20 Ilec 1991, and 10 Dec 1992. A

few disturbances have largest wave amplitudes in the l~lid-stratcl,spllere,  between 10 and 2

hPa in the NH and 20 and 5 hPa in the SH, for imstance,  on about 14 Dec 1993, 15 Jun

1992 and 18 Jun 1992; these in general extend into the lower stratosphere. None of the

events shows more than about two days delay in amplification in the lower stratosphere

after the upper  stratospheric amplification; those that are largest in the mid-stratosphere

appear to amplify nearly simultaneously at all levels,

Figure 3 shows time series for the same periods of minimum high latitucle  tenlpera-

tures in the lower stratosphere at 520 K (=40 hPa). The uncertainty in the individual tenl-

perature  values given here is approximately 2 K (Swinbank and O’Neil] 1994). I.ower

stratospheric temperatures are of pal~icu]ar interest since they determine whether condi-

tions are favorable for the formation of polar stratospheric clouds (PSCS). The threshold

for formation of type 1 PSCS is about 195 K in the lower stratosphere. In the S13, ten~per-

atures  descend below the PSC formation thre. $hold in early May, and continue to decrease,

dramatically. Those warmings  that extend into the lower stratosphere are accompanied

by an increase in temperatures for a few days, followed by a return to the overall decreas-

ing trend; these SH events do not have a significant impact on the likelihood or timing of

PSC formation. in contrast, the warmings are more sustained in the NH, and tenlpera-

tures are initially higher. Again, those events that extend into the lower stratosphere are

accompanied by an increase in temperatures; the. most dramatic such occurrence is on
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about 14 Dec 1993. However, with the warmer N] 1 temperatures and more sustained dis-

turbances, even the smaller warnings  cause lower stratospheric temperatures to fluctuate

around the threshold for PSC formation, varying from about 5 K above  to about 5 K

below this threshold. Thus the pattern of early winter minor warmings in a given year in

the NH strongly impacts the development of conditions favorable to PSC formation, chlo-

rine activation and chemical depletion of 03.

Figure 4 shows the vertical synoptic structure of (he disturbances. i)r each event

marked in Fig. 1, the geopotential  height field, minus the imnal mean, is shown as a func-

tion of longitude and pressure averaged over 600” to 68[) latitude, similar to figures shown

by Farrara et al. ( 1992). Each of these is for a day closely preceding the peak of the

warming. Again, a good  deal of variation is seen in the structure of the disturbance dur-

ing different events. The majority  of the fields show nearly equivalent barotropic  struc-

ture, with little phase tilt with height, in common with Canadian or South Pacific type

warmings. However, several events (i.e., 4 Nov 1991, 4 Nov 1992, 1() Dec 1992, and 30

Nov 1993) show a considerable westwarcl tilt with height, a characteristic frequently seen

in strong mid- and late-winter warmings  in the NH (Fairlie el al. 1990; Manney et al.

1994a,b;  Lahoz et al. 1994). The degree of phase tilt does not appear  to be related closely

to the altitude of maximum amplitude in that there are examples of warmings  that peak in

the upper stratosphere and in the ~~~i(l-str:itos~~}lcre  with both significant and insignificant

phase tilts with height. The warmings  around 14 Dec 1993, 15 Jun 1992 and 18 Jun 1993

most closely resemble Cana~iian  or South Pacific warmings,  in that maximum amplitudes

are in the mid-stratosphere, they show little phase tilt with height,

ward motion of the disturh:ince  (Fig. 1).

Figure  5 shows the 840 K (=10 hPa) PV field for each event

and there is some e,ast-

on the same days as in

Fig, 4. The greater impact of the disturbances on the weaker Nfi vortex is immediately

apparent. Clmsiderab]e  elongaticm  of the vortex is seen on 26 Nov 1992 and 3(I Nov

1993, corresponding to the large wave 2 amplitudes shown in IJig. 1. Although, as shown
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in Fig. 1, the vollex  occasionally rotates eastward during  the warmings, most show the

vortex shifted off the pole towards 0° longitude, and the anticyclone  forming near 180°.

Most of the warmings in the NH show air from low latitudes being pulled into the polar ,

regions between the cyclone and anticyclone,  and tongues of high PV being stripped off

the edge of the vol~ex. Similar behavior can be seen in the relatively strong warming

around 18 Jun 1993 in the SIH.

4. Evolution of potential vor

.

icily  ancl trace species

We examine here the day to day evolution of the str:itospheric  flow and available

MIS trace species (03, HZO) data during some of the more p!wminent  warmings  in

December 1992, December 1993, and June 1993. HZO generally behaves as a passive

tracer through most of the stratosphere (e.g., 13rasseur and Solomon 1984); chemical time

constants for 03 vary strongly with latitude and season in the middle  and upper strato-

sphere, with 03 being produced in low latitudes in the ll~i(l-stl.:itos]~l~ere  (e. g., Brasseur

and Solomon 1984);  in high latitudes in winter chemical time. constants for O? are. long

compared to dynamical time scales at all altitudes shown here (e. g., Garcia and Solomon

1985).

Figure  6 shows a sequence of maps at 840 K of H20 and O? mixing ratios, with sev-

eral PV contours overlaid, for 30 Nov 1992 through 16 Dec 1992, and 22 through 26 Ilx

1992, when MLS was viewing high nollhcrn  latitudes in early winter 1992. The PV con-

tours shown are in the region of stron:  gradients (compare with Fig. 5) along  the polar

night jet core which can be used to demarc:ite the e~lge  of the pol:ir vortex. Eastward

rotation of the vortex is apparent between 30 Nov and 6 Dee, and again startii~g  on 14

Dec 1992, with the vortex stationary between those times, Throughout this time period, ii

prominent feature of the flow is the tongues of high PV air being drawn off the edge of

the vortex, and low PV air being dr:iwn into high l:itituctes  in the region of the



- 1 0 -

anticyc]one.  Tongues  of high HZ() being peeled off the vortex edge, and low 1 IZ() being

drawn in from low latitudes are well correlated with PV. Similar features are seen in the

03 fields, although the horizontal gradients of 03 mixing ratio are not as strong  as those

of HZO in the region near the edge of the vortex. During  30 November through 8 Decenl-

ber, high 03 from low ]atitudes  can be seen moving into the region of the anticyclone.

Ilvidence  can also be seen during this time of low 03 being drawn off the edge of the vor-

tex. After about  12 December, a patch of low 03 forms in the anticyclone;  chemical

effects are thought to be important in the formation of this low 03 anomaly (Manney et

al., paper  in preparation). The likely influence of chemistry in middle and low latitudes

complicates interpretation of the evolution of 03, but strong correlations between ‘the

behavior of PV, 03 and HLO are apparent everywhere through about  1() December, and

throughout the time period shown in high latitudes.

Figure 7 shows the evolution of 03 and PV in December 1993. Slow eastwarci rota-

tion of the vortex is apparent throughout the time period. Again, tongues of high PV/low

0 3 air are drawn off the edge of the vortex, and low PV/high  03 air is drawn from low

latitudes into the region of the anticyclone,  and a low ozone anomaly again develops.

Figure 8 shows the evolution of 03 and W during a minor warming in the S}+ in

late June 1993. More rapid eastward rotation of the vortex is apparent than in the NH

cases shown above; if sustained, the eastwar(i motion in this case wou]d correspond to a

period of about 8 to 16 days, whereas the rotation in Figs. 6 and 7 in the NH would corre-

spond to periods of about 20 to 40 days. “1’he vortex in June in the SH is larger and

stronger than that in December in the NH, so the impact of the warming on its evolution

is smaller. However, there is still evidence of high PV/low 03 air being drawn in a

tongue off the edge of the vortex in the SH, and the map on 20 June suggests that high 03

from low latitudes is being moved into higher latitudes.

Area integrals of PV (Butchart and Remsberg  1986) at 520 K (=40 hPa), 655 K (=20

hPa), 840 K (=10 hPa) and 100 K (=5 hI’a) show the evolution of the polar vortex during
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tl]etij~]es stu~~iecl  l]ere(Figllre  9). Aconm~o nfeature of thethreeNHearly winters is the

development of a main vortex/surf zone structure in early December, as PV gradients

increase, along the edge of the vollex and decrease in mid-latitudes. ]n 1991 and 1992 in

the NH, the strongest warmings  in December affected mainly the middle and upper

stratosphere while in 1993 the strongest warmings (prior to the major warming at the end

of December) affected mainly the middle and lower stratosphere. In nlid-Decenlber  1991

and 1992 at 840 and 1 100 K, PV gradients along  the vortex edge (near 60° equivalent lat-

itude) steepen rapidly leading to a pattern with very steep gradients along the vortex edge

and weak gradients in low latitudes. These changes are coincident with the onset of

strong warmings.  Only a very small change associated with the warmings  is seen at 655

K in 1991 and 1992,  and the development at 520 K proceeds at a steady rate, with little

effect of warmings apparent. In contrast, in 1993, when the strongest warmings  affect

mainly the mid-stratosphere, a smaller effect is seen at 1100 K, and a larger one at 655 K.

]n late November 1993, PV gradients weaken and vo~lex  areo shrinks for about 10 days,

followed by rapid strengthening of high latitude and weakening of mid-latitude gradients.

This behavior is also apparent to a lesser degree at 520 K. Early December 1993 is the

time when lower stratospheric temperatures are most strong] y affected by the warm ings

(Fig. 3c), in late December 1992, PV gradients decreased slightly at the vortex edge, and

the size of the vortex decreases slightly. The times when vortex area decreases are also

times when the disturbance to the flow shows significant phase tilt with height,

in the SH, the vmlex is already sufficiently strong by May that any effect of the

warmings  is difficult to detect. in each of the two yenrs shown here, a relatively strong

warming occurred in the latter half of June. In both years, a slight strengthening of PV

gradients along  the vollex edge can be seen in the 840 and 655 K plots, Comparing with

the NH, we see that, although the vortex is larger and stronger in the SH, at the end of the

periods shown here, the PV gradients in mid-latitudes are stronger in the SH than in the

Nfi, especially at 840 and 1100 K. A small effect is also seen on about 20 May 1992 at
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ench level. A significant increase in lower stmtospheric temperatures occurs at the same

time (Pig. 3d).

l;igure  10 shows similar area integrals of 1120 mixing ratio for December 1992 (the

time period shown is marked in Figure 9) at 1100, 840, and 655 K. I’he behavior of 1{20

is similar to that of PV; a slight strengthening of gradients is seen along the vortex edge

and a substantial weakening of gradients in mid-latitudes. This is consistent with the

behavior expected when tongues of high H20 are drawn off the edge of the vortex, and

mix in mid-latitudes, as was shown iJ] Figure 6. As with the PV contours in

changes in 1]20 are most prominent at ] ] ()(1 and 840 K, and weaker at 65S K.

Figure  11 shows overall changes in 1120 and Oq for December 1992, and

992, the

JI OS for

December 1993 and June 1993. Cross-sections are shown as a function of O and latitude

along a meridian from equator to pole to equator, through the. polar vortex,  near the

beginning and end of the period when MIS was observing the appropriate hemisphere.

Between the end of November 1992 and the beginning of January 1993, the contours

between 5.0 and 6.2 ppmv (yellow-green co]ours)  shown in the HZO field have shifted

(iownwmd in the region poleward  of about 300N” by between 50 and 200 K, suggesting

-1diabatic  descent rates (dfl/dI) over the period of as much as 7 Kd at some places in the

middle to upper stratosphere. Examining those same contours, we also see in the 1120

plot for 3 Jan 1993 a more pronounced pattern of strong horizontal gradients (i.e., vertical

contours) in low latitudes and at the edge of the vortex, and weak horizontal gradients in

between; this pattern is prominent along 180° longitude. This is reminiscent of the surf

zondmain  vortex structure. The pattern of descent seen here is very similar to that shown

by Lahoz et al. (1994) during a strong  warming in January 1992. Higher H20 mixing

ratios extend to lower altitudes along 180° longitude on 30 Nov 1992 near 35(’N, and

along 0° longitude near 30C)N on 3 JaJI 1993; the cross-sections here cut across tongues

of high water that have been pulled off the edge of the vollex  (the tongue on 30 NW 1992

can be seen in Fig. 6). On 30 Nov 1992, there is also apparent a region  of lower H20 that
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tms been drawn in from low Iati(u(ies. I’hesc cross-sections indicate that tongues of air

pulled off the vollex  may be quite deep.

in Q for the same time period we can see the effects of descent in the vortex, where

OS has increased substantially below the Q peak. OS increases in the lower stratosphere

extend from the pole to outside the edge of the vollex,  suggesting that descent is inlpor-

tant throughout that region. As previously noted (e.g., Juckes and O’Neill  1988), diabatic

descent is enhanced during stratospheric warmings. nigh latitude 0~ in fact increases

throughout the altitude region  shown here during December 1992. This suggests that hor-

izontal po]eward transport is more itnpmt~nt  in changing OA than diabatic  descent at lev-

els above the OS peak. It is difficult to relate other changes in mid and low latitude OS in

the middle and upper stratosphere to transport since, as discussed above, some of the

changes in the middle and upper stratosphere are due m chemical mechanisms.

T}~e 0~ fields for late November and late December 1993 show a similar pattern,

with 03 increasing inside the vortex below the 03 peak, and the 03 increase in the lower

stratosphere extending outside the vortex; however, in I)ecember 1993, ozone  in the vor-

tex above the peak decreases. As noted earlier, the warmings  during December J 993

affected mainly the middle and lower stratosphere, while those in [)ecetnber 1992

affected mainly the middle and upper stratosphere. This is consistent with the cross-

sections which suggest that horizontal transport in the upper stratosphere is less important

in December 1993 than in December 1992, 3’he increase in ozone in the middle and

lower stratospheric vortex appears somewhat greater in I )ecember 1993 than in December

1992, consistent with a greater effect of the warmings  at those levels in 1993, and with

ad~iitional  enhancement of descent associated with the beginning of a virtually major

stratospheric warming at the end of December 1993.

A pattern qualitatively very similar m that in December 1993 in the NH is seen in

the SH between the beginning of June and the beginning of July 1993. Ozone increases

in the vortex below the peak, and decreases above. The ozone increase in the lower
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stratosphett  appears to extend  further equatorward from the vortex iJ~ the SH than in the

NH, Although a quantitative estimate is beyond the scope of this paper, the increase in

Oq mixing ratio below the ozone peak is considerab]  y less in the S11 than in the NH. This

suggests more descent in the NH than in the S11, as woLlld  be expected from higher Nll

temperatures and stronger and more sustained N] 1 warmings.

S. Discussion and Conclusions

We have examined the effect of minor warmings  on the evolution of the strato-

spheric circulation in early winter in both northern  and southern hemispheres, for several

winters since the launch of UARS. The evolution of 0?, and H20, measured by the

(JARS MLS is examined to aid in interpreting the effects of these warmings.

Minor warmings are common in both NJ 1 and S} 1 earl y winters, and have a wide

variety of characteristics. Examples are shown of warmings  which affect mainly the mid-

dle and upper stratosphere and ones that affect mainly the middle atld lower stratosphere.

While many events are nearly equivalent barotropic,  others show considerable westward

phase tilt with height. Most early winter minor warmings consist mainly of a displace-

ment of the vortex off the pole (i.e., wave 1 is large); however, there are also events where

the vor[ex is considerably elongated (i.e., wave 2 is large). Minor warmings  in the NH

early winter produce large decreases in zonal mean winds and increases in zonal mean

temperatures. in contrast, although (iisturbonce amplitudes catl be as large in the SH as in

the NH, the SH polar vortex is sufficiently strong by May that the impact of these events

is small.

The synoptic evolution in the NH mid-stratosphere shows tongues of high PV, high

HZ() and low Oq being drawn off the edge of the vortex during the warmings and irre-

versibly mixed in mid-latitudes. Tongues of low I’V, low H20 and high OS are also

drawn into the region of the anticyclone  from low latitudes. This behavior results in a
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strengthening of PV and trace species gradients along the edge of the polar  vortex, anti

weakening, of gradients in mid-latitudes. This formation in the N]] of this main vor-

tex/surf zone type structure is coincident with the onset of strong minor warm ings, and

the episodic nature of its development suggests, as has been previously (liscussed (Clough

et al. 1985, Juckes  and O’Neil] 1988), that minor stratospheric warmings during early

winter are instrumental in the formation of this structure. Although tongues of material

can be seen being drawn off the edge of the SH polar  vortex during early winter minor

warmings, only a slight tendency for PV gradients to increase along the edge of the vor-

tex and decrease outside is noted during the SH warmings.  The main vmtex/surf  zone

type structure thus never becomes as prominent in the SH as in the N]].

The meteorological and satellite data stuciied  here provide a coarse-grain picture of

these events due to their low horizontal resolution (e.g., Clough  et al. 1985).  High-

resolution modelling  techniques such as contour advection  (e. g., Waugh et al. 1994) and

domain-filling trajectory calculations (e.g., Sutton et al. 1994) will eventually provide fur-

ther insight into the fate of tongues of air drawn off the vortex after they become too nar-

row to be resolved by the UARS measurements. This is of relevance to determining the

degree of mixing between polar and mi~i-latitude air, and how much this mixing in

enhanced by warming events such as those discussed here.

Evidence of enhanced diabatic  descent at midclle  and high latitudes ciuring  the

warmings is seen in vellical  sections of HLO and O?. Comparison of vertical sections of

OS during NH and SH warmings  shows stronger diabatic  descent in the NH, where ten~-

peratures are higher and the warmings  are more sustained.

in the SH, the polar vortex is sufficiently strong in May and June that the early win-

ter minor wannings have little impact on its development. ]n contrast, the timing, vertical

structure and intensity of stratospheric warmings during early winter have a profound

impact on wmex development in the NH, and consequently OJI lower stratospheric tem -

peratures there. During December in the NH, lower stratospheric temperatures are
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gcmerally new the thresho]d  for I’SC formation; even weak minor  warmings  that influence

the mi ~idle an(i lower stratosphere may cause  temperatures to fluctuate above and below

this thresholcl,  and thus affect the timing and frequency of occurrence of PSCS. In addi-

tion, the patterns of wave activity in early winter and their effect on the lower strato-

spheric vortex strongly influence the strength of the lower stratospheric vortex for the

remainder of the winter (Zurek et al. 1994, paper in pl<eparation).  As showl{ hel”e,  these

events exhibit a large degree of interannual  variability.
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Figure Captions

Figure 1. Time series at 10 hPa of zonal mean wind, 7.oI1al  mean temperature, and

wavenumber 1 and 2 components of the geopotential  height field, for five early win-

ters. The time period in the NH is from 1 November to 3 January, in the S}1 from 1

-1May to 3 July, Zonal mean wind contours are every 1() ms , with 40 to 50 ms -1

shaded. Zonal mean temperature contours are every 2.5 K, with 212.5 to 215 K

shaded. Wave 1 and wave 2 contours are every 100 m, with 800 to W() m shaded for

wave 1 and 400 to 500 m shaded for wave 2. The black dots on the wave 1 and

wave 2 plots show the phase (longitude of one maximum) at 60C) latitude. 3’he black

triangles at the bottom of the zonal  mean wind plots show the approximate times of

early winter wartnings  to be discussed here.

Figure 2. Time series at 64(’ latitude (nw~h or south) of the maximum amplitude of the

geopotential height field with the zon al mean removed, i .e. ,

max[ IZ(4, 64”) – ~(64{’)1], where 2 is longitude, :ind ~ is the zonal  me~in  geopoten-

tial height. Time series are for the same periods shown in Figure 1. Contour inter-

val is 100 m, with 1100 to 1200 m shaded.

Figure 3. Time series for the five winters of minimunl  temperatures on the 520 K isen-

tropic surface, in the region where potential vorticity  (PV) is greater than ().4 x I ()-4

K m2 kg-l S-]. The thin horizontal line is at 195 K, an approximation to the thresh-

old temperature for the formation of polar stratospheric clouds.

Figure 4. Longitude-pressure cross-sections of the geopotentia]  height with the zonal

mean removed, averaged over 60 to 68° latitude, on a day near the peak of each of

the warmings  indicated in Figure 1,

Figure 5. Rossby-13rtel potential vorticity  (PV) on the 840 K isentropic  surface, with

wind vectors superi reposed, for the same days shown in Figure 4. The contour

-1 s-linterval is 1.0 x 10 -4 K m2 kg , with 4 to 5 x 10-4 K m2 kg -1 s-l shaded. The
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projection  is orthographic, with 0° longitude at the bottom of the NH plots and at

the top of the SH plots, and 90°13 to the right. 300” and 60° latitudes are shown as

fine dashed lines.

Figure  6, Synoptic maps of water vapour  (HZO) and ozone (Q), with overlaid PV con-

tours on the 840 K isentropic  surface, for days in the N]] early winter of 1992. The

PV contours shown are 2, 3, 4, 5, and 6 x 10-4 K n~2 kg-1 s-1. ‘[’he layout of the

plots is the same as in Figure. 5.

Figure 7. As in Figure  6, but for Oq only, in the NH 1993 early winter.

Figure 8. As in Figure 7, but for the S}+ 1993 early winter.

Figure  9. Time series of area integrals of PV for the five early winters, on the 1100 K,

840 K, 655 K, and 520 K isentropic  sulfaces, running from 1 November (1 May) to

3 January (3 July) in the NH (SH). Area is expressed in terms of equivalent latitucle.

PV was scaled in “vorticity  units” (Dunkerton  and IIelisi 1986, Manney and Zurek

1993) by dividing by a standard atmosphere value of the static stability, so that the

numbers have a similar range at each level. in these units, the contours  run from 0.8

t030x10-4\-l -4 -1. . , with a contour interval of 0.2 x 10 s . The discontinuity in the

NH plots for 1991 on about  5 December is due to changes in the processing of

lJKMO data made at this time (Swinbank  and O’ Neil] 1994). The heavy vertical

lines on the NH 1992 plots show the beginning of the time period shown in Figure

10.

Figure 10. Area integrals similar to Figure  9, but of HZO mixing ratio, from 30 Novem-

ber through 3 January 1992 in the N}], at 11 ()() K, 840 K, and 055 K. 1“’he contours

at 1100 K are from 6.0 to 7.1 ppmv, with a contour interval of (). 1 ppmv. The con-

tours at 840 K are from 5.0 to 6.65 ppmv, with a contour interval of 0.15 ppmv. l-he

contours at 655 K are from 4.6 to 5.7 ppmv, with a contour interval of O. 1 ppmv.

Figure 11. Cross-sections from equator to pole to equator as a function of potential tenl-

perature (6’), of (a) and (b) HZO and (c) through (h) 0~ mixing ratios (ppmv)  on days
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near the beginning and the end of observing periods in (a) through (d) NI 1 earl y

winter 1992,  (e) and (f) NH early winter 1993, and (g) and (h) S11 early winter 1993.

(a) through (d) and (g) and (h) are along ()(’ to 1 X(,)C)  longitude. (e) and (f) are along

90° to 270% longitude. The thin black lines show the 1.4 x 1()-4 s-1 contour of PV

scaled in “vorticity  units” , a value that is within the region of strong  PV gradients at

all levels shown here (see Fig. 9).
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